Objective: The aim of the present study was to assess the antithrombotic properties of different strains of orally available antithrombotic lactic acid bacteria (LAB). Research Methods & Procedures: Antithrombotic activity, antiplatelet reactivity and/or thrombolytic activity, were measured in seven strains of LAB and LAB cell-free-extracts (LAB filtrates) using the shear-induced platelet reactivity/thrombolytic activity, The Global Thrombosis Test (GTT), with non-anticoagulated rat blood in vitro. Subsequently, the most potent antithrombotic strains identified in vitro were assessed in vivo after oral administration in mouse carotid arteries using a helium-neon laserinduced thrombosis model. Result: Five strains out of seven LAB (Lactobacillus paracasei KW 3100, Lactobacillus fermentum NBRC 3961, Lactobacillus pentosus JCM 8333, Leuconostoc oeni Elios 1, Pediococcus pentosaceus NK-2) promoted significant endogenous thrombolysis in vitro. In addition, one strain (Lactobacillus fermentum NBRC 3961) significantly inhibited shear-induced platelet reactivity. Three antithrombotic strains, Lactobacillus fermentum NBRC 3961, Leuconostoc oeni Elios 1, and Lactobacillus pentosus JCM 8333, were further assessed in vivo. The results demonstrated that filtrates, and the cells per se of these LAB, modulated antiplatelet activity and/or thrombolytic activity, and that the antithrombotic mechanisms were mainly influenced by protein content (60% -70% of dry matter). Conclusion: The findings suggested that some strains of lactic acid bacteria could usefully provide the basis for the production of oral antithrombotic probiotics.
Introduction
Thrombus formation represents an important host defense mechanism in the physiological processes of hemostasis. Thrombus is removed naturally by the thrombolytic system during recovery, but pathologically formed thrombi can occlude blood vessels and cause atherothrombotic diseases such as myocardial infarction and stroke. Unhealthy lifestyles, including excess intake of a high-fat diet and decreased physical activity are known to be significant risk factors for thrombotic diseases [1] . Prevention of atherothrombosis is recognized as a serious social problem in many developed countries.
Many strains of lactic acid bacteria (LAB) have been identified since they were discovered in the 19 th century. It is known that LAB are utilized in several fermented products such as liquor, pickle, yoghurt and cheese, and they are widely used as "probiotics". Probiotics are defined as living microorganisms which provide beneficial health effects, such as improvements in gut conditions and allergic diseases, activating immune systems and reducing risk of cancers [2] . In Asia, LAB have been utilized in a number of fermented food products. Epidemiological investigations have shown that the incidence atherothrombotic disease is comparatively less in SouthEast Asia than in other developed countries [3] , and it has been postulated that this is partly due to an increased intake of LAB [4] [5] .
Recent studies have suggested that LAB indirectly influence thrombogenesis by inhibiting inflammatory reactions. Using a mouse model of pneumococcal pneumonia, Lactobacillus casei was shown to modulate inflammation-coagulation interactions by depressing plasminogen activator inhibitor (PAI-1) [6] . In addition, Bifidobacterium, a health-promoting human intestinal micro biotic, was shown to interact with the plasminogen/plasmin system in vitro [7] . There appears to be little information available, however, on the direct effects of LAB on thrombotic mechanisms.
Previous studies have recognized the importance of pathophysiologically relevant tests to investigate hemostasis in vivo, and techniques such as the helium-neon (He-Ne) laser-induced thrombosis test have been developed for this purpose in animal experiments [8] [9] . In addition, Kovacs et al. devised the technique of Haemostatometry [10] and the Global Thrombosis Test (GTT) [11] - [14] to assess physiological thrombosis in vitro, using non-anticoagulated blood. These methods are governed by shear-induced platelet activation in native blood, and have been shown to reflect the critical balance between thrombotic and thrombolytic activities [15] [16] . The GTT in particular appears to be highly reproducible and suitable for use in humans.
The present study was designed to assess antithrombotic activity, antiplatelet and thrombolytic activities, of different LAB strains using the Global Thrombosis Test (GTT) in vitro and helium-neon (He-Ne) laser-induced thrombosis test in vivo.
Materials and Methods

Animals
Male Wistar ST rats, aged 13 weeks or older (SLC Co. Ltd, Japan), and male C57BL/6 mice, aged 8 -10 weeks (SLC Co. Lit), were used. Animals were purchased 1 week before the experiments. Rats and mice were fed a standard solid chow (CE-2, Japan Clea Co. Ltd, Japan) and allowed tap water ad libitum. Animals were maintained in compliance with the "Guiding Principles for the Care and Use of Animals in the field of Physiological Sciences," published by Physiological Society of Japan. The protocol was approved by the Animal Experiment Committee of Kobe Gakuin University and Research Laboratories for Health Science and Food technologies, Kirin Company, Limited. Animals were sacrificed after the test by using Somnopentyl.
Bacterial Strains
Lactobacillus fermentum strain NBRC 3961 was purchased from the National Institute of Technology and Evaluation Biological Resource Center, Japan. Lactobacillus pentosus strain JCM 8333, was obtained from the Japan Collection of Microorganisms, Japan. Pediococcus pentosaceus strain NK-2, was supplied by Biotech Japan Co. Ltd. Each of these strains is known to be found in fermented milk and vegetables. Leuconostoc oeni strain Elios 1, which is used for adding flavor to wine, was obtained from SCETI Co. Ltd, Japan, and Lactobacillus paracasei strain KW 3110, which we have previously studied for its function in immunity, was available from our own laboratory [17] .
Preparation of Cells and LAB Filtrates
The Lactobacillus fermentum strain NBRC 3961, Lactobacillus pentosus strain JCM 8333, and Lactobacillus paracasei strain KW 3110 were cultured at 37˚C, 30˚C, and 30˚C, respectively for 24 h in static MRS broth (Difco, BD Bioscience, USA). Cells were harvested by centrifugation and washed with phosphate buffered saline (PBS, pH 7.4). The harvested cells were suspended and adjusted to a concentration of 10 11 colony forming units (CFU) with PBS. The cell suspensions were stored at 4˚C until use. To prepare LAB filtrates, the harvested cells were adjusted to 10 10 CFU with PBS and then incubated at 37˚C for 5 h. After incubation, cells were removed by centrifugation and the supernatant was filtered through a filter membrane with a pore size of 0.22 μm. LAB filtrates were stored at −80˚C until use.
In Vitro Assessment of Shear-Induced Platelet Reactivity and Endogenous Thrombolytic Activity by the Global Thrombosis Test (GTT)
The GTT has been described in detail elsewhere [11] - [16] . Figure 1 and Figure 2 show the principles of the test. In summary, when perfectly round ceramic ball bearings are placed in the conical tube (Figure 1) , the flat segments prevent the spheres from occluding the lumen. When blood is added to this tube, it flows through the narrow gaps caused by the ball and exits in droplets into an adjacent collecting tube. The latter is trans-illuminated by a light emitter, and a sensor opposite the emitter generates a signal whenever a drop of blood interrupts the light path. In essence, the instrument detects the time interval ) activates platelets. These activated platelets remain single, because the very short transit time and high shear stress prevent aggregation. In contrast, in the space distal to the large ball bearing (i.e. the space between the two ball bearings), the shear and turbulent flow favor the formation of large platelet aggregates. Furthermore, in this space between the ball bearings, activated platelets generate thrombin and initiate blood coagulation. Flow then carries these fibrinstabilized platelet aggregations into the lower gaps where they are captured, resulting in occlusion of the gaps and arrest of flow. An increase or decrease in OT indicates, respectively, inhibition or enhancement of platelet reactivity. An increase or decrease in LT indicates, respectively, inhibition or enhancement of spontaneous thrombolysis. For the present study, an automated GTT instrument was purchased from Montrose Diagnostics Ltd., UK. For each sample, six parallel measurements were made. The intra-individual variations on OT and LT are 6.07% and 33.67%, respectively [15] .
In Vitro Effect of LAB Filtrates on Shear-Induced Platelet Reactivity and Endogenous Thrombolytic Activity
Thirty minutes after anaesthetization with somnopentyl (60 mg/kg intramuscularly), blood was withdrawn from the abdominal aorta of a rat that had been fasted overnight but allowed water ad libitum. Non-anticoagulated blood was mixed with saline kept at 37˚C (1:1), and then 2.7 ml of the diluted blood and 0.3 ml of LAB filtrate or PBS (control) were mixed by inversion in a syringe, and 3.0 ml of the mixture was applied to the GTT tube.
In Vivo Assessment of the Antithrombotic Effect
The laser-induced thrombosis method has been previously described in detail [18] . In brief, mice were anaesthetized with somnopentyl (65 mg/kg intramuscularly). A polyethylene tube (PE-10, Becton Dickinson and Company, USA) was placed in the left femoral artery to inject the dye, and the carotid artery (350 -450 µm in diameter) was exposed by incision. The mouse was placed on a special microscope stage (Olympus Model BH-2, Olympus Co. Ltd, Japan), and then Evans blue dye (30 mg/kg) was injected intra-arterially. Subsequent to the dye, the centre of the exposed carotid artery was irradiated with a laser (Model Neo-50MS, 25 mW power under the objective lens, Nihon Kagaku Engineering Co. Ltd., Japan). Thrombus formation at the site of irradiation was monitored under epi-illumination and simultaneously recorded on videotape using a CCD camera (Model TMC-7, Takenaka System CO. Ltd, Japan).
Oral Administration of LAB Filtrates and Cells in Mice
LAB filtrates, cell suspensions or PBS (control) were administered by a gastric tube in a volume of 7.7 ml/kg body weight [18] . They correspond to 8 × 10 10 and 8 × 10 11 CFU/kg body weight of LAB filtrates and cell suspensions, respectively. The same volume of LAB filtrate, cell suspension or PBS was given again 30 min after the first treatment. The mouse was then anaesthetized and thrombosis experiments started 90 min after the second oral administration. The antithrombotic or prothrombotic effect was assessed by calculation of the total thrombus size. A smaller size indicated higher antithrombotic activity [19] .
Calculation of Thrombus Size
Details of this technique have been described elsewhere [20] . An image of the thrombus was computer-analyzed every 10 s. The area of thrombus was outlined, and the mass of thrombus was calculated by multiplication of the area and gray-scale analysis. Image analysis was performed using Image J software (Image Processing and Analysis Java version 1.30, National Institutes of Health, MD, USA). Thrombotic status was expressed as the total sum of mass measurements in the first 10 min after irradiation.
Component Analysis of LAB Filtrates
1) Dry matter weight
The dry matter weight of LAB filtrates was measured by the freeze drying method. The NET weight was calculated by subtracting the weight of PBS used for extraction.
2) Protein assay Protein concentration was measured using the DC protein assay kit according to the manufacturer's instructions (Biorad, USA).
3) Saccharides The saccharide content was measured using the phenol-sulphuric acid method with an analytical curve in glucose [21] .
4) Organic acids Oxalic acid, malic acid, citric acid, succinic acid, pyruvic acid, acetic acid, lactic acid, and phosphoric acid were measured using the Agilent 7100 Capillary Electrophoresis system (Agilent Technologies, USA), with electrophoresis buffer containing 15 mM 2,6-pyridin dicarbonate, 2 mM adenosine 5'-monophosphate, and 0.035 mM hexadimethrine bromide, adjusted to pH 5.55 by NaOH.
Mass Spectrometry Analysis and Protein Identification
Proteins contained in LAB filtrates from Lactbacillus fermentum NBRC 3961 and Lactobacillus pentosus JCM 8333 were separated in a 4% -12% gradient SDS-PAGE gel and stained with colloidal Coomassie. The bold protein bands corresponding approximately to molecular weights of 38 kDa and 47 kDa were excised from the gel. In-gel tryptic digestion of the isolated proteins was carried out as previously described and the digested tryptic peptides were desalted using C-18 Zip-tips [22] . MALDI mass spectrometry was carried out on a Ultraflex II MALDI-TOF/TOF-MS spectrometer (Bruker Daltonics systems, USA). Peptide solution (0.7 μl) was mixed with 0.7 μl of 10 μg/μl HCCA (α-cyano-4-hydroxycinnamic acid) in 90% aqueous acetonitrile: 0.5% trifluoroacetic acid. The mixture (1 μl) was spotted onto a MALDI target plate and allowed to crystallize. Identification of proteins from MALDI-TOF/TOF-MS spectra was achieved using MS/MS Ion Search of Mascot (Matrix Science, USA) against SWISS-PROT database [23] .
Statistical Analysis
GTT measurements were analyzed by repeated ANOVA, followed by post-hoc Dunnett's test. Thrombus size was analyzed by unpaired ANOVA, followed by post-hoc Dunnett's test. Values were expressed as the mean ± SEM. A value of P < 0.05 was considered as the limit of significance.
Results
Effect of LAB Filtrates on Shear-Induced Platelet Reactivity and Endogenous Thrombolysis in Vitro
The effects of LAB filtrates on platelet reactivity and endogenous thrombolysis are shown in Table 1 . The undiluted filtrates of Lactobacillus paracasei KW 3110 and Pediococcus pentosaceus NK-2 significantly shortened LT but had no effect on OT, suggesting weak antithrombotic activity in vivo. Lactobacillus pentosus JCM 8333 and Leuconostoc oeni Elios 1 significantly shortened LT but had no effect on OT. These results suggested, however, greater antithrombotic activity in vivo compared with Lactobacillus paracasei KW 3110 and Pediococcus pentosaceus NK-2. Lactobacillus fermentum NBRC 3961 significantly prolonged OT and shortened LT, suggesting strongest antithrombotic activity in vivo amongst the LAB strains tested. On the basis of these Filtrates from the culture media of lactic acid bacteria were mixed with non-anticoagulated rat blood (diluted two-fold with saline), and the effect on shear-induced platelet reactivity and endogenous thrombolytic activity was assessed by GTT in vitro. The results were expressed as the mean ± SEM. The control was PBS. findings, three strains Lactobacillus fermentum NBRC 3961, Lactobacillus pentosus JCM 8333 and Leuconostoc oeni Elios 1 were selected for further investigation in vivo.
In Vivo Thrombotic Status after Oral Administration of LAB Filtrates
The antithrombotic effects in vivo of these three selected LAB strains were measured the He-Ne laser-induced thrombosis test in mice after oral administration. The results are shown in Figure 3 . The filtrate of Lactobacillus fermentum NBRC 3961 showed significantly antithrombotic effects in vivo. The filtrate of Lactobacillus pentosus JCM 8333 also showed significantly antithrombotic effects in vivo. However, the filtrate of Leuconostoc oeni Elios 1 did not show a significant antithrombotic effect in these experiments in vivo.
In Vivo Thrombotic Status after Oral Administration of Cell Suspensions
The results are shown in Figure 4 . As the filtrate of Leuconostoc oeni Elios 1 did not show antithrombotic effect in vivo, this strain and others were given at a cell concentration 10 times higher than the original cell concentration of other LAB filtrate. All cell suspensions tested showed antithrombotic effect under these conditions in vivo.
Component Analysis of LAB Filtrates
Analysis of filtrates from Lactobacillus pentosus JCM 8333 and Lactobacillus fermentum NBRC 3961 identified 80% to 90% of the ingredients in the whole dry matter weights. Protein was the main ingredient, and comprised 60% to 70% of dry matter. Organic acids (lactic acid and acetic acid) were about 5% to 10%, and saccharides were about 10% ( Figure 5) . SDS electrophoresis detected about 20 different proten bands, the most prominent of which were 38 and 47 kDa. These peptides were identified as GAPDH and enolase respectively, by MALDI-TOF/TOF-MS spectrometry analysis (Figure 6 ). The origin of the enolase in the Lactobacillus pentosus JCM 8333 filtrate was identified L. plantarum, most likely because these two species are genetically close. * P < 0.05; ** P < 0.01. n = 6 in each group.
Discussion
Atherothrombotic diseases are a serious medical and social problem in many developed countries. One of the most effective and economical ways to prevent atherothrombotic diseases appears to be daily intake of an antithrombotic diet. Characterising the content of diets of this nature is not straightforward, however. In the present study we employed the GTT method together with a laser-induced thrombosis model in animal experiments to investigate the potential impact of a diet including LAB products on thrombotic mechanisms. The GTT is a point-of-care test, and uses non-anticoagulated blood. Platelets in the native blood are activated by shear force, facilitating the measurement of thrombosis-risk factors by assessing platelet reactivity and thrombolytic responses. This combination tests is known to be pathophysiologically relevant to thrombosis in vivo [15] [16] [18] [20] [24] - [32] . The GTT in particular is believed to provide useful data for investigating physiological mechanisms in humans. The present results demonstrated that oral intake of some LAB strains had antithrombotic effects. Initially, filtrates from Lactobacillus fermentum NBRC 396, Lactobacillus pentosus JCM 8333 and Leuconostoc oeni Elios 1 were shown to significantly influence thrombolysis in vitro. The filtrate from Lactobacillus fermentum appeared also to promote antiplatelet activity in vitro. In addition, filtrates from Lactobacillus fermentum NBRC 3961 and Lactobacillus pentosus JCM 8333 were shown to mediate antithrombotic effects in vivo. Subsequently, cell suspensions from all three strains demonstrated antithrombotic activity in the in vivo model. The findings suggested that the effects of these products on hemostasis were governed by antiplatelet activity and/or thrombolytic activity.
The doses of LAB given to the animals in the present study were equivalent to ten commercial yoghurt (100 billion cells/person/day). This might be considered to be difficult to achieve in humans. Nevertheless, it is known that some LAB can survive for long periods in the intestinal tract [33] , and even in small quantities, active components of such LAB strains could be continually released into the intestinal tract and have beneficial effects. The antithrombotic potential appeared to be quantitatively different with various LAB strains, but the data indicated LABs have a common antithrombotic effect. All five of the LAB filtrates tested in vitro shortened the lysis time, and all three of the LAB suspensions tested in vivo mediated significant decreases in thrombotic status. LAB are known to secrete organic acids, such as lactic acid, together with many functional proteins [34] . Our findings indicated that the main active component of Lactobacillus pentosus JCM 8333 and Lactobacillus fermentum NBRC 3961 was contained in the protein fraction. Furthermore, GAPDH and enolase appeared to be the major active peptides. Other studies have demonstrated that GAPDH and enolase on bacterial cell surfaces accelerate host invasion, and activate the plasminogen-plasmin system [35] - [40] . Moreover, direct interactions of GAPDH and enolase with plasminogen have been reported in LAB and Bifidobacteria, which are non-pathogenic organisms [41] [42]. Candela et al. reported that Bifidobacterial enolase on the cell surface has a secondary "moonlighting function" as the receptor for plasminogen in vitro. These workers and others have further emphasised that cell surface enolase might have an important role in the process of interaction with the host by influencing plasmin-related mechanisms [7] [42] [43] . Moreover, enolase binding sites (BS1, BS2) for plasminogen in Lactobacillus plantarum have been identified, and lysine residues appear to be important for the binding properties [42] . The amino acid sequences of enolase from the LAB tested in present study are shown in Table 2. BS1 lysine residues were identified in all LABs, although surrounding amino acid sequences were different. Lysine residues were not detected, however, in the C-terminal BS2 from three of the five LAB strains. Our findings suggested that the differences in antithrombotic potential of these strains might be due to distinct interactions with plasminogen, mediated by specific amino acid sequences in BS1 and BS2. Further studies are warranted to precisely characterize the active components of LAB.
Conclusion
The antithrombotic properties of orally available lactic acid bacteria (LAB) were assessed using shear-induced platelet reactivity/thrombolytic activity (GTT) in vitro and helium-neon laser-induced thrombosis model in vivo. The results suggested that some strains of LAB could be beneficial to prevent thrombotic disorders.
